Heat-induced damping modification in YIG/Pt hetero-structures 
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We experimentally demonstrate the manipulation of magnetization relaxation utilizing a temperature dif- 
ference across the thickness of an yttrium iron garnet /platinum (YIG/Pt) hetero-structure: the damping 
is either increased or decreased depending on the sign of the temperature gradient. This effect might be 
explained by a thermally-induced spin torque on the magnetization precession. The heat-induced variation 
of the damping is detected by microwave techniques as well as by a DC voltage caused by spin pumping into 
the adjacent Pt layer and the subsequent conversion into a charge current by the inverse spin Hall effect. 



Due to their interesting underlying physics and po- 
tential applications in magnon spintronics the spin Hall 
effect (SHE) and the inverse spin Hall effect (ISHE) 
attracted considerable attention in the last years. 1,2 
Magnon spintronics is a new, emerging field in spin- 
tronics, that utilizes magnons (quanta of spin waves) 
as carriers of angular momentum. The combination 
of spin pumping and inverse spin Hall effect turned 
out to be a well suited technique for the detection of 
magnons beyond the wavenumber limitations of most 
other methods. 2 The recent discovery of the spin Seebcck 
effect (SSE) in magnetic insulators demonstrates the im- 
portance of heat currents in spintronics and opened up 
the new field of spin caloritronics. 3,4 

A key objective in the field of magnon spintronics 
is the control of magnetization relaxation and genera- 
tion of spin waves. To compensate spin-wave damp- 
ing a common method is parametric amplification. 2,5 
Recently, it was reported, that propagating spin waves 
can also be amplified by injecting a spin current due 
to the SHE and the spin-transfer torque (STT) effect 6 
and by the SSE. 7 Spin relaxation was manipulated by 
SHE and STT in Ni 8 iFei 9 8 and by thermally-induced in- 
tcrfacial spin transfer in yttrium iron garnet /platinum 
(YIG/Pt) structures. 9 In all these experiments, magneti- 
zation dynamics is measured by using microwave tech- 
niques. However, two-magnon scattering can lead to 
the excitation of secondary spin waves with much higher 
wavevectors as it has been shown in Rcfs. 10,11 . Even 
though these secondary waves contribute significantly to 
spin pumping, 12,13 they cannot be detected by inductive 
antennas. Therefore, microwave measurements do not 
necessarily give a thorough insight into magnetization 
dynamics. 
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In this Letter, we report on the thermal manipula- 
tion of spin- wave relaxation measured by both microwave 
techniques as well as by spin pumping. The investi- 
gated sample consists of a YIG/GGG/YIG/Pt hetero- 
structure. A temperature difference applied across the 
thickness of this structure leads to the longitudinal 
SSE: an imbalance between the magnon and electron 
temperatures causes a spin current across the YIG/Pt 
interface. 3,4 The generated spin current transfers angular 
momentum and, consequently, they might exert a torque 
on the magnetization (see Fig. 1(b)). As a result, the 




FIG. 1. (Color online) (a) Schematic illustration of the exper- 
imental setup, (b) Possible mechanism for the heat-induced 
damping variation in the YIG film. M denotes the magneti- 
zation, (c) Typical example for a measurement of C/ishe as a 
function of the applied magnetic field H. 
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FIG. 2. (Color online) (a) Typical example for the tempera- 
ture difference AT across the sample as a function of the ap- 
plied magnetic field H . ATp e i t j er denotes the temperature dif- 
ference applied by the Peltier element. At the ferromagnetic 
resonance field around 79 mT the magnetization precession 
causes additional heating denoted as ATmw- (b) Calculated 
spin Seebeck voltage Usse composed of CJse 161 generated by 
ATp e itier and Ugg^ created by ATmw. 



magnetization precession can either be enhanced or sup- 
pressed depending on the sign of the temperature differ- 
ence and, thus, the direction of the spin current. This 
change in the damping is equivalent to a variation of the 
ferromagnetic resonance lincwidth AiJpMR that is mea- 
sured by microwave reflection as well as by spin pumping. 

A sketch of the experimental setup is shown in 
Fig. 1(a). A 2.1 /im thick YIG film was grown by 
means of liquid phase epitaxy on both sides of a 500 (Jin 
thick gadolinium gallium garnet (GGG) substrate. Using 
molecular beam epitaxy, we then deposited a Pt layer of 
10 nm thickness on one side of the sample, fully covering 
one of the YIG surfaces. As shown in Rcf. 14 the Pt layer 
might show ferromagnetic behavior on ferromagnetic in- 
sulators due to magnetic proximity effects. However, as 
shown in Ref. 15 , a possible contamination by the anoma- 
lous Nernst effect is negligibly small compared to the 
longitudinal SSE contribution. A Peltier element, that 
is mounted on top of the Pt layer, generates a temper- 
ature difference across the multilayer. In order to en- 
hance the temperature flow from the sample, the second 
YIG surface is covered with a sapphire substrate that 
is connected to a heat bath (sapphire is a good thermal 
conductor). The second YIG layer neither influences the 
magnetic nor the electric measurements but it should be 
noted that the temperature difference is applied across 
the entire Pt /YIG /GGG /YIG sample stack. The mag- 
netization precession is excited by a 500 /jm wide copper 
microstrip antenna that is placed above the Pt layer with 
an intervening isolation layer (see Fig. 1(a)). The tem- 
perature difference is monitored using an infrared cam- 
era, calibrated by two thermocouples. 

The experiment is performed as follows: an exter- 
nal magnetic field H is applied perpendicularly to the 
YIG waveguide in the YIG film plane. The magneti- 
zation precession is driven by the alternating magnetic 
field h(t) of a continuous microwave signal (see Fig. 1(a) 
and (b)) with a carrier frequency of 4 GHz and pow- 
ers of P M w = +14 dBm, +20 dBm, and +25 dBm. 



While sweeping the external magnetic field H , a tem- 
perature difference across the sample thickness is applied 
and recorded by the infrared camera. The electric volt- 
age due to the ISHE, £/tshe, and the microwave reflection 
are measured simultaneously 

In the experiment, two different mechanisms con- 
tribute to the spin current: the spin Seebeck effect and 
the spin pumping effect. The SSE originates from the 
difference between the effective magnon temperature T m 
and the effective electron temperature T c at the YIG/Pt 
interface. 3,4,16 This temperature difference AT is created 
in two different ways in our experiment (see Fig. 2(a)): 
by the Peltier clement (denoted by ATp c i t i Gr in the fol- 
lowing) and by heating due to magnetization precession 
in resonance condition of the YIG film at H^mk (de- 
noted by AT MW ). The second mechanism to create 
a spin current is spin pumping by the externally ex- 
cited coherent magnetization precession. 12 Irrespective 
of its origin, the net spin current J s injected into the 
Pt layer is transformed into a conventional charge cur- 
rent J c , perpendicular to both J s and H, by the ISHE 
(see Fig 1(c)). 10,17 As a result, charges accumulate at the 
edges of the Pt layer and a voltage t/isHE = £^sp + t^SSE, 
composed of a spin pumping contribution Ugp and a 
SSE contribution Usse, can be measured (Fig. 1(c)). 
The voltage £7 SSE = Uggg + U^ icl itself consists of 
the voltage E/gg|f generated by heating ATmw due to 
magnetization precession in resonance and t/fgE ier S en_ 
erated by the temperature difference ATp i ticr . In or- 
der to distinguish between the different contributions to 
f/iSHE = ^sSE ier + ^sse + ^sp the following procedure 
has been used: for each temperature difference created 
with the Peltier element, £/tshe and AT were recorded. 
From the off- resonance condition (H > Hfmr), we can 
deduce a linear relation between C/sse = C^sse' 01 an d 
AT. Using this linear SSE relation 3,4,16 enables us to re- 
calculate the corresponding voltage Ugg^ at -£?fmr and, 
thus, the spin pumping voltage Usp, respectively. In 
Fig. 2 the evolution of the temperature difference as a 
function of the applied magnetic field H and the corre- 
sponding SSE voltage Usse are shown for a microwave 
power of Pmw = +25 dBm. Figure 2(a) clearly shows, 
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FIG. 3. (Color online) (a) Typical spectra for 4 different tem- 
perature differences at +25 dBm. For positive (negative) tem- 
perature differences, the Pt is colder (hotter) than the YIG. 
(b) Measured resonance linewidth AH as a function of the 
temperature difference AT for different microwave powers. 
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that, in addition to the applied temperature difference of 
ATpdtior ~ 4.6°C, the temperature rises at -E/fmr by an 
additional value of ATmw ~ 0.6°C. The corresponding 
voltages U^ iel and are illustrated in Fig. 2(b). 

For AT = 0, the FMR driven spin pumping contribution 
U S p is dominant (U S p/(U sp + ^SSe) ~ 99.9%). 

The heat-induced spin current affects our measure- 
ments in two different ways. On one side, it generates 
a voltage U$se independent of the absolute value of the 
externally applied magnetic field H (crossing zero field 
results in a change of the polarity of E/sse according to 
the SSE 3 ' 4,16 ), and on the other side, it most likely exerts 
a torque on the magnetization, resulting in the manipu- 
lation of the relaxation damping (see Fig. 1(b)). 

Figure 1(c) shows a typical example for the measured 
ISHE voltage J/ishe without externally applied tempera- 
ture difference. The voltage reaches its maximal absolute 
value at -EEfmr ~ 79 mT. In Fig. 3(a) the recalculated 
Usp data is shown as a function of the external magnetic 
field H for four different measured temperature differ- 
ences AT. Heating and cooling the sample gives rise to a 
change of the saturation magnetization Ms resulting in 
a resonance peak shift to higher or lower magnetic fields. 

As it is obvious from Fig. 3(a), not only one but 
several modes contribute to the spin pumping voltage 
Usp- Therefore, the envelope of U$p is fitted for each 
temperature difference by a Gaussian function f(x) = 
a ■ exp(— (x — b) 2 /(2c 2 )), where c defines the linewidth 
AH which is a measure for the damping a. The linewidth 
AH that is determined in this way, does not necessarily 
coincide with the real ferromagnetic resonance linewidth 
AHpmpl but is proportional to it, i. e. AH oc AHpmr- 
The linewidth AH as a function of the temperature dif- 
ference AT is shown in Fig. 3(b) for different microwave 
powers Pmw- It is clearly visible that the total linewidth 
AH decreases for one polarity of AT and increases for 
the other. We also analyzed each mode separately and 
we found that the qualitative behavior for each mode is 
the same. 

As it is visible from Fig. 3(b), the variation of the 
linewidth AH per 1°C temperature difference (slope in 
Fig. 3(b)) is approximately the same for all microwave 
powers. For a temperature difference of AT « ±4°C, 
the linewidth changes about 6%, independent of the mi- 
crowave power. This independency is expected since the 
generated spin currents are thermally induced and, thus, 
do not depend on the applied microwave power. 3 The 
damping, i. c., the linewidth at AT = is larger for 
higher microwave powers which is attributed to the on- 
set of non-linear effects. 18-20 

Now we compare how the linewidth alters under the 
influence of a longitudinal temperature difference mea- 
sured by both spin pumping as well as microwave tech- 
niques. Since spin pumping is not sensitive to the spin- 
wave wavelength, the directly excited spin-wave modes 
as well as short-wavelength secondary waves contribute 
to the detected signal. 10,11 However, microwave reflec- 
tion mainly detects the primary excited uniform mode. 
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FIG. 4. (Color online) Measured linewidth AH as a func- 
tion of the measured temperature difference AT for reflected 
microwave signal and spin pumping voltage Usp- 



The results are summarized in Fig. 4. For both mea- 
surement techniques, the linewidth qualitatively behaves 
the same in the investigated range of temperature dif- 
ferences. Nevertheless, one can see that the slopes of 
the two curves diverge leading to the assumption that 
the uniform FMR mode is mostly effected by the heat- 
induced damping modification. However, a quantitative 
statement is not possible. 

Assuming, that the observed heat-induced damping 
variation is due to thermal spin currents generated by the 
SSE, we calculate the variation of the magnetization re- 
laxation in YIG/Pt hetero-structures based on the model 
developed in Ref. 8 . We modify this model by substitut- 
ing a heat-induced spin current for a SHE-generated spin 
current: the charge current J c is replaced by the tem- 
perature difference AT. Thus, the generalized Landau- 
Lifshitz-Gilbert (LLG) equation is expressed as 



dM 



- 7 MxH cff + -Mx_ 

tSTT 

— M x (M x a), 

M?V F V h 



(1) 



where M is the magnetization, 7 the gyromagnetic ra- 
tio, H e ff the effective magnetic field, M s the saturation 
magnetization, Vp the volume of the YIG layer, and 
(T the spin polarization vector. The Gilbert damping 
a = ap + Aagp is the sum of the intrinsic damping con- 
stant cmf of the isolated YIG layer and Acvsp is the ad- 
ditional damping due to spin pumping in the adjacent 
Pt layer. 12 J| TT describes the heat- induced spin torque. 
By introducing the injection and charge current conver- 
sion efficiency u = {e/K)(2 , KfM s dp/ r f)v, where v is the 
slope obtained by fitting our results (Fig. 3(b)), and by 
introducing an additional temperature dependent damp- 
ing parameter Aa|^, we obtain, in analogy to Ref. 8 , 
the heat-induced spin torque 



J s STT =^ 27r/MsdF AT. 



(2) 



The spin-current density is given by Js = 2e/(HAp) J| TT . 
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Pmw (dBm) | J| TT ( x IP" 11 % AT) || J S ( x 10 9 ^ AT) 

+14 | 1.74 ± 0.15 | 3.70 ± 0.32 
+20 2.11 ± 0.18 4.49 ± 0.39 

+25 2.01 ± 0.08 4.27 ± 0.16 



TABLE I. Comparison of spin torque Jg and spin current 
density J s for different mircowave powers Pmw- 

The calculated spin torque J| TT and the spin current 
density Js are summarized for different microwave pow- 
ers in Table I. For these calculations Mg is assumed to be 
constant since AT leads to variations of only about 1% 
which cannot explain the observed behavior. It should be 
emphasized that our calculated hcat-induccd spin current 
density per 1°C is one to two orders of magnitude higher 
than those generated by the SHE for the maximal DC 
voltage pulses used in Ref. 6 of U = 8 V ( J s = 10 8 A/m 2 , 
Pt resistance ~ 30 f2, DC pulse length 300 ns, repetition 
rate 10 ms). 

Taking the large magnitude of the observed heat- 
induced STT (linewidth change about 6%) for the com- 
parably small temperature difference across the actual 
YIG/Pt interface (less than 0.1°C) into account, we 
might consider influences on AH by other effects: (1) 
The change in electric resistance of the Pt layer due to the 
applied temperature difference (less than approximately 
0.1%) cannot be the origin of the observed linewidth 
change. (2) In the present experiment, phonons penetrat- 
ing the entire sample stack (including the 500 fim thick 
GGG layer) are the main heat carriers. 4 ' 16 Consequently, 
they are the major cause for the thermally-induced spin 
current. 

In conclusion, the heat-induced damping modification 
in YIG/Pt hetero-structures has been shown. The modu- 
lation of the relaxation coefficient has been demonstrated 
by spin pumping as well as by microwave techniques. 
Both techniques qualitatively show the same behavior. 
Besides that, our findings demonstrate, that every spin 
pumping experiment, in which the coherent magnetiza- 
tion precession is driven by a microwave source, is ac- 
companied by heating. We have introduced a method 
to identify spin pumping from coherent magnons and 
SSE contribution from incoherent magnons to the ISHE 
voltage, resulting in an increase of the ISHE voltage of 
around 0.1%. The spin transfer due to the tempera- 
ture difference across the YIG/Pt interface has been es- 
timated and has been compared to previous works that 
use SHE-generated spin currents. It turns out, that the 
heat-induced spin current density Js per 1°C is of the 



order 10 9 A/m 2 . 
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